Although risk factors for squamous cell carcinomas of the head and neck (HNSCC) are well recognized, very little is known about the molecular mechanisms responsible for this malignancy. Furthermore, the ability to investigate gene expression pro®les at dierent stages of tumor progression is usually limited by the remarkable heterogeneity of these neoplastic lesions. Here, we show the successful use of laser capture microdissection (LCM) to procure speci®c cell populations. The 5000 cells from representative sets of HNSCC and their matching normal tissues are sucient to extract RNA of high integrity for the synthesis of labeled ampli®ed cDNA probes which can then be hybridized to these membranes arrayed with known human cancer-related cDNAs. Furthermore, when compared to normal tissues, we demonstrate a consistent decrease in expression of dierentiation markers such as cytokeratins, and an increase in the expression of a number of signal transducing and cell cycle regulatory molecules, as well as growth and angiogenic factors and tissue degrading proteases. Unexpectedly, we also found that most HNSCC overexpress members of the wnt and notch growth and dierentiation regulatory system, thus suggesting that the wnt and notch pathways may contribute in squamous cell carcinogenesis. This experimental approach may facilitate the identi®cation candidate markers for the early detection of preneoplastic lesions, as well as novel targets for pharmacological intervention in this disease. Oncogene (2000) 19, 3220 ± 3224.
Keywords: oral cancer; tumor progression; oncogenes; tumor suppressor genes; biomarkers Squamous cell carcinoma of the head and neck (HNSCC) is the sixth most common cancer in developed countries, and of the 44 000 annual cases reported in the United States, approximately 11 000 will result in an unfavorable outcome (Landis et al., 1999; Parkin et al., 1999) . In spite of its high incidence, the molecular mechanisms of this disease remain poorly understood. However, the recently gained knowledge of normal and aberrant function of oncogenes and tumor suppressor genes has provided unique opportunities to understand, and ultimately to control, the processes leading to malignancy. Thus, the identi®cation of the molecular and genetic events involved in each step of tumor progression may be central to understand HNSCC, and for the development of diagnostic markers and novel treatment strategies.
Although HNSCC is thought to result from the progressive accumulation of genetic lesions leading to malignancy (Mao et al., 1998 ) the precise nature of the aected molecules is still largely unknown. The recent development of several high throughput, hybridizationbased methods utilizing cDNAs arrayed on nylon membranes and glass slides allows the analysis of hundreds of genes simultaneously, and thus provides a unique opportunity to identify genes expressed in normal and tumor tissues, as well as to analyse gene expression pro®les in tumor progression. However, an accurate procurement of speci®c cell types for RNA isolation is a critical step in¯uencing the validity of this analysis. In this regard, a novel technique of Laser Capture Microdissection (LCM) developed at the Laboratory of Pathology (National Cancer Institute), enables the procurement of pure cell populations from frozen human tissue sections (Emmert-Buck et al., 1996; Simone et al., 1998) , a key consideration as many tumors, including HNSCC, are heterogeneous, and include areas of connective tissues, blood vessels and even in¯ammatory cells that in®ltrate into the tumor mass. Most importantly, microdissection allows analysis of gene expression in speci®c cell populations as it exists in situ. In this study, we have used LCM to procure speci®c cell populations from a representative set of tumors and their matching normal tissues to explore the feasibility of establishing a pattern of expression of cancer-related genes for HNSCC.
Extraction of RNA from HNSCC and normal epithelial cells procured by laser capture microdissection Clinical characteristics of the human biopsies from HNSCC patients who had undergone surgery and were chosen for the study are indicated in Table 1 . The anatomical sites of these lesions are representative of the most frequent HNSCC sites, and include the tongue (WSU 1, 62 and 63), larynx (WSU 51), and pharynx (WSU 58). The pathology that was provided with the tissues indicated that all lesions except WSU 1, were carcinomas, either poorly (WSU 51, 63) or moderate to well dierentiated (WSU 58, 62). All tumors were invasive. Tissue WSU 1 was con®rmed as hyperplasia. Corresponding normal tissue, from the same anatomical site and patient as the lesion, was part of the tissue set and consisted of normal epithelium. We considered these ®ve tissue sets to be representative of HNSCC, and thus suitable for assessing the feasibility of using LCM for the detailed analysis of gene expression in these cancer lesions. Before proceeding, the histopathology was con®rmed by a board certi®ed pathologist. Microscopic visualization of representative frozen tissue sections (8 mm thickness), stained with hematoxylin-eosin is shown in Figure 1A (a ± d).
As shown in Figure 1B , the use of LCM enables the procurement of a pure population of squamous cells (495% purity) that can be used to extract RNA. Quality assessment of the RNA extracted from each tissue was performed by RT ± PCR of GAPDH. As demonstrated in Figure 1C , RNA from two representative tissue sets (WSU 62, 63) was of sucient quality to be reverse transcribed and ampli®ed using speci®c primers for GAPDH, which generated a 600 bp product. Similar results were obtained with the remaining three tissue sets (data not shown), thus supporting that LCM preserves the integrity of the RNA extracted from HNSCC cells.
Hybridization and gene expression
Total RNA was reverse-transcribed using Superscript Reverse Transcriptase (Life Technologies) and cDNAs synthesized for each sample were assessed for integrity. In all cases, the average size of the reverse-transcribed messages was approximately 500 bp (range 300 ± 800 bp, data not shown), which is similar to that achieved for the construction of highly representative cDNA libraries (Peterson et al., 1998) . cDNAs corresponding to normal and tumor tissue from the same set were simultaneously ampli®ed and labeled with a-33 P dCTP. Labeled ampli®ed cDNAs (AcDNAs) were then used to hybridize human cancer cDNA arrays (CLONTECH) containing 200 ± 500 bp DNA fragments, in duplicates, for 588 known human cancer and nine housekeeping genes (http://www.clontech.com/atlas/genelists). In preliminary experiments, this procedure resulted in a highly reproducible pattern of gene expression when using the same RNA preparation and independently AcDNAs. Membranes hybridized with complex cDNA probes from a representative tissue set are shown in Figure 2A and illustrates the comparative dierences in expression of genes belonging to dierent functional groups in both normal (upper panel) and tumor tissue (lower panel) from the same patient.
Genes differentially expressed
Examples of genes dierentially expressed are shown in Figure 2B and include the cytokeratins (a) and those genes belonging to the MAPK (mitogen-activated protein kinase) (b) and wnt (wingless) (c) signaling pathways. The amount of radiolabeled probe hybridized to each arrayed cDNA was quanti®ed using PhosphorImaging, and normalized by that hybridized to the housekeeping genes (GAPDH). In preliminary experiments, we found that under these experimental conditions dierences of 5twofold were reproducible, and the radioactivity within the linear range of detection. To simplify the analysis, the main functional groups of genes assessed to be dierentially expressed 5twofold in at least three of the four tumor sets when comparing each cancerous epithelium to their corresponding normal tissue were considered of likely biological signi®cance, and are listed in Table 2 . They include genes involved in the control of cell growth and dierentiation, angiogenesis, apoptosis, cell cycle, and signaling, most of which have not been previously implicated in HNSCC when using other analytical approaches. These data indicate that complex AcDNA probes labeled with a-33 P dCTP can be successfully synthesized from small amounts of total RNA for their use in comparative hybridization studies of cancer genes expressed in HNSCC. Furthermore, these ®ndings have helped identify a number of new candidate genes, which might play an unexpected role in squamous carcinogenesis.
One of the most remarkable changes was the general decrease in the expression of cytokeratins (2E, 2P, 6A-F, 7, 13, 14, 15, 17, 18, 19) , which were readily detected in normal tissue but nearly absent in the cancer cell population (2 ± 20-fold reduction), most likely re¯ecting the loss of dierentiation in tumor cells. On the other hand, we observed a clear increase in the levels of cyclin D1 (2 ± 3-fold), as previously reported (Bartkova et al., 1995) , and those of metalloproteases (MMP-7, MMP-10, MMP-14), which re¯ects the highly invasive behavior of this tumor type. Furthermore, we observed a remarkable increase in the levels of many growth and angiogenic factors including TGFa, TGFb, EGF Cripto protein, PDGF A chain and B chain (c-Sis), dierent FGF isoforms, HGF, and VEGF-C. This supports the conclusion that this tumor type secretes factors that are likely to induce epithelial cell growth in an autocrine fashion in addition to promoting the growth of stromal cells and the process of neovascularization (Desai and Libutti, 1999) . Furthermore, these tumors also overexpress several proapoptotic molecules, including (Ambrosini et al., 1997; Granville et al., 1998) . Also shown in Figure 2B , cancer cells overexpressed signaling molecules participating in the MAP kinase pathway, including ERK1, all isoforms of JNK (1-3), two p38 related MAPKs, p38 and ERK6, and their upstream activators, MEKK3 and MKK6, which is likely to contribute to the enhanced growth stimulation in these cells. Interestingly, the hyperplastic tissue exhibited a pattern of gene expression nearly identical to that of the adjacent normal epithelium, being only cyclin D1 and DP 2 over- (C) Total RNA was extracted from microdissected tissues (approximately 5000 cells) using guanidium isothiocyanate (GITC) and phenol/chloroform extractions, isopropanol precipitation, and treatment with DNAse I in the presence of RNAse inhibitors. The integrity of the RNA was assessed by amplifying GAPDH by RT ± PCR, using speci®c primers for GAPDH (sense primer 5'-CCACCCATGGCAAATTCCATGGCA-3'; antisense primer 5'-TCTAGACGGCAGGTCAGGTCCACC-3'). PCR reactions were performed using GeneAmp RNA PCR kit (Perkin Elmer), and DNA products analysed on a 1.2% agarose/EtBr gel. A 600 bp fragment is ampli®ed, as observed for both normal (N) and tumor (T) tissues from HNSCC patients (WSU62 and 63). Appropriate positive and negative controls are indicated expressed, which might correlate with increased cell proliferation. Thus, collectively these results demonstrate that squamous cells exhibit a distinct pattern of gene expression, which might help explain many of the cellular abnormalities described in this tumor type. Unexpectedly, genes involved in the wnt and notch signaling pathway, were found to be highly represented in tumor tissues (2 ± 5-fold). High expression levels of some of these genes have been demonstrated in many neoplasias and may have an implication in maintaining an undierentiated epithelium (Liu et al., 1996; Shelly et al., 1999) . For wnt, two wnt receptors, frizzled and FDZ3, and their downstream targets, dishevelled and bcatenin (Wodarz and Nusse, 1998) were highly expressed. In the case of notch, the detection of both receptor and ligand (notch and jagged, respectively) also suggests strongly their constitutive activation (Artavanis-Tsakonas et al., 1999) . Furthermore, two of the fringe genes, Manic and Lunatic, which encode pioneer secretory proteins that modulate Notch-ligand interactions (Panin et al., 1997) were similarly highly represented. Thus, together these ®ndings support an unexpected role for the notch signaling system in squamous cell carcinogenesis. Their precise role in the pathogenesis of HNSCC is currently unknown, and warrants further investigation.
Taken together, we can conclude that the use of LCM and cDNA arrays has allowed the detailed analysis of gene expression in HNSCC, and provided the ®rst evidence for the feasibility of performing a comprehensive molecular characterization of normal, premalignant, and malignant HNSCC cells. Although data obtained involved a limited set of tissue samples, a general trend is already observed, implicating cell cycle regulating and signaling molecules, growth and angiogenic factors, matrix degrading proteases, and survival and apoptotic molecules. Furthermore, we obtained evidence implicating, for the ®rst time, the notch and wnt pathways in squamous cell carcinogenesis. Further analysis of a more extensive sample collection using conventional and these recently available technologies will make it possible to de®ne a pattern of gene expression in a tumor progression model of HNSCC. This experimental approach is also expected to facilitate the identi®cation of candidate markers potentially correlated with malignancy, thus providing valuable tools of diagnostic and prognostic value to study premalignant lesions. Figure 2 Analysis of gene expression in HNSCC using cDNA arrays. For each HNSCC tissue set, AcDNA probes were prepared and used simultaneously for the hybridization of nylon membranes arrayed in duplicate with human cancer and housekeeping genes. Probes were synthesized using 2 ml of cDNA for each reaction from tissue sets (normal and tumor), 2 ml of dNTP mix (2.5 mM of dGTP, dATP, dTTP and 0.5 mM of dCTP; Perkin Elmer), 75 ml ddH 2 O, 10 ml 106 PCR reaction buer and 4 ml 10 mM PCR primers (CLONTECH Smart kit), 5 ml 10 mCi/ml a-33 P dCTP and 2 ml Taq polymerase (Perkin Elmer). Each sample was mixed and used to synthesis complex cDNA probe by PCR (1 min at 958C, then 30 cycles of 15 s at 958C, 5 s at 658C and 5 min at 688C, and then cooled to 48C). For each sample, 3 ± 4 independent PCR reactions were carried out and combined after puri®cation (PCR SELECT-II columns; 5Prime-3Prime, Inc.). The speci®c activity of each cDNA probe was assessed by scintillation counting. Human cancer cDNA expression arrays (CLONTECH) and the conditions used for hybridization were essentially as described in the manufacturer's protocol. After extensive washes, the membranes were analysed by PhosphorImaging (Molecular Dynamics) and auto-radiography. The hybridization of the cDNAs on the arrays for each of the samples (normal and tumor) was documented, and the identity of the genes determined from the relative position, as provided by the manufacturer. The comparative level of expression for each gene was assessed by PhosphoImaging, and expressed relative to that of the housekeeping genes (GAPDH). Pattern of gene expression for a representative tissue set from the same HNSCC patient is shown. Dierentially expressed genes in three or more HNSCC tissue sets were considered of likely biological signi®cance, and examples of those are indicated
